Viruses affect host physiology beyond causing acute disease, thereby giving rise to the concept that the virome is a component of the microbiome. However, the role of the enteric virome is understudied relative to the fast-paced research examining commensal bacteria in the intestine. In this article, I discuss our recent work on murine norovirus indicating that an animal virus in the intestine can provide many of the signals to the host that have been attributed to commensal bacteria. Our findings suggest that the surge in microbiome research should incorporate examination of the enteric virome.
T
he human gut microbiome includes trillions of commensal bacteria that offer substantial benefits to the host, including aiding digestion, promoting the development of the immune system, and occupying niches that would otherwise be available to pathogens (1) . Hence, the relationship between commensal bacteria and the host can be described as mutualism, a form of symbiosis in which both parties benefit. This mutualism may be conditional, because commensal bacteria are implicated in many chronic inflammatory disorders. In particular, mouse models of inflammatory bowel disease (IBD) have been helpful in establishing causality and have shown that intestinal bacteria that are otherwise innocuous or easily contained evoke disease in genetically susceptible hosts (2) . The diversity, the volume, and this proposed role in disease have been used to justify the eruption of studies that catalog and characterize intestinal bacteria.
The enteric virome has received less attention, partly due to the technological barrier in identifying viruses and performing functional studies. The coding potential of the enteric virome is predicted to be immense, because it includes viruses that infect host cells, endogenous retroviruses, and viruses that infect the various microbial inhabitants of the gastrointestinal tract, such as bacteria, archaea, and fungi. Recent studies indicate that the most abundant members of the enteric virome, bacteriophages that infect commensal bacteria, are diverse and likely to have a substantial impact on the host (3). Here, I use our recent findings in a mouse model to propose that animal viruses in the gut not only are pathogens that infect host cells and cause gastroenteritis but also are symbiotic modulators of host physiology.
A VIRAL TRIGGER IN A MOUSE MODEL OF IBD
During my postdoctoral research in Skip Virgin's laboratory, we generated mice with decreased expression of the autophagy gene Atg16l1, with the intention of investigating the role of autophagy in viral pathogenesis. As we began characterizing these mice, a series of population genetics studies were published that linked a common polymorphism in Atg16l1 with IBD susceptibility. IBD is characterized by recurrent intestinal inflammation that is considered the consequence of a loss of tolerance toward commensal bacteria. The relationship between this potential microbial origin of the disease and genetic susceptibility factors, such as the polymorphism in Atg16l1, remains an active area of research. Motivated by the many unanswered questions surrounding the origin of IBD, we collaborated with pathologist Thad Stappenbeck to characterize these Atg16l1 mutant mice. We found that Atg16l1 mutation led to structural and functional abnormalities in Paneth cells, specialized epithelial cells found in small intestinal crypts that produce antimicrobial granules (4). We also observed similar Paneth cell abnormalities in IBD patients homozygous for the ATG16L1 risk allele, suggesting that this model may be useful in understanding disease pathogenesis.
The next part of the project was possible only because of a previous discovery made by Stephanie Karst and Christiane Wobus while they were postdoctoral fellows in the Virgin laboratory. Several years before my arrival, they discovered that laboratory mice harbor a positive-strand RNA virus with close sequence homology to human noroviruses, which was aptly named murine norovirus (MNV) (5). Similar to noroviruses that infect humans, MNV is readily detected in the gastrointestinal tract, and we were concerned about its widespread presence in animal facilities, including the facility in which Atg16l1 mutant mice were maintained at the time. Thus, we transferred Atg16l1 mutant mice to an advanced MNV-free barrier facility through embryo rederivation. We soon found that Atg16l1 mutant mice raised in this new facility did not display the Paneth cell abnormalities that previously appeared to develop spontaneously. It is not uncommon for the presence or degree of intestinal pathologies to display variability when mice raised in different facilities are compared, a phenomenon that is frequently attributed to differences in commensal bacteria or common pathogens, such as Helicobacter species (6) . Indeed, we found that intentional MNV infection restored the appearance of Paneth cell abnormalities in Atg16l1 mutant mice. Additionally, MNV-infected Atg16l1 mutant mice, but not MNVinfected control mice or uninfected Atg16l1 mutant mice, developed IBD pathologies upon intestinal injury with the chemical dextran sodium sulfate (DSS) (7) . Although Atg16l1 and autophagy are important in restricting the replication of intracellular pathogens, we did not observe increased MNV replication in Atg16l1 mutant mice compared with controls in this setting, suggesting that the intestinal abnormalities are due to a loss of tolerance to the virus. Thus, we observed a viral trigger of pathologies in a mouse model of IBD, a disease that has mainly been attributed to exacerbated immune responses directed toward commensal bacteria.
MNV CAN FUNCTIONALLY REPLACE THE BENEFICIAL CUES PROVIDED BY COMMENSAL BACTERIA
MNV has been used as a model to understand the biology of human noroviruses because of its ability to be propagated in cell culture and infect mice. A groundbreaking recent study suggests that MNV and human noroviruses may also share a dependence on B cells and commensal bacteria for efficient replication (8) . However, rather than inducing an acute vomiting and diarrheal disease like human noroviruses, MNV frequently establishes persistent infection in immunocompetent mice without causing obvious disease. We were struck by the similarity between MNV and commensal bacteria-both can persist in the host without causing disease but induce intestinal abnormalities in IBD modelsand this resemblance led us to examine whether MNV can mimic other features of commensal bacteria, perhaps even having a beneficial function for the host.
To test this idea, we monoassociated germfree mice with MNV by inoculating breeding pairs within a sterile gnotobiotic isolator and allowing the virus to be vertically transmitted to offspring (9) . Due to the absence of detectable bacteria, germfree mice display structural and functional abnormalities in the intestine and associated mucosal immune system (10), some of which are listed in Fig. 1 . As reported by other groups investigating enteric viral replication in mice deficient in bacteria (8, 11, 12) , the amount of virus recovered from these monoassociated mice was reduced, but prolonged shedding was detectable. Remarkably, we found that MNV was able to partially, and in some cases completely, reverse many of the abnormalities that are present in germfree mice ( Fig.  1) (9) . MNV infection of mice treated with a cocktail of antibiotics, which also causes intestinal abnormalities, led to a similar restoration of intestinal morphology and lymphoid function. Depletion of commensal bacteria following antibiotic treatment is a health hazard in humans as well, as evidenced by antibiotic-associated diarrhea. We found that MNV provides substantial protection in antibiotic-treated mice in two models of intestinal damage, administration of dextran sodium sulfate (DSS) in drinking water and oral infection by Citrobacter rodentium (Gram-negative bacterium related to Escherichia coli) (9) . When taken together, these observations indicate that one virus is able to perform many of the same functions as an entire community of bacteria that includes ϳ1,000 species.
Although the array of responses elicited by a single viral infection is striking, MNV-monoassociated germfree mice are not exactly the same as conventional mice. For instance, MNV is unable to reduce the expansion of NK T cells observed in the colons of germfree mice (13) . Also, when we compared three strains of MNV, we found that they evoked similar responses, but there were quantitative differences in their abilities to reverse intestinal abnormalities and provide protection following DSS injury. However, it is important to note that host responses evoked by individual commensal bacterial species also differ significantly from one another, particularly in their ability to induce T cell differentiation (14) . A key question is whether MNV evokes only responses from the host that are redundant with those induced by commensal bacteria or whether there are unique benefits conferred by MNV infection that cannot be provided by commensal bacteria. Our previous observation that MNV triggers inflammatory pathologies in Atg16l1 mutant mice (when commensal bacteria are present) suggests that this virus and commensal bacteria evoke nonoverlapping responses from the host, at least under certain conditions.
PERSPECTIVES
The concept that viruses affect host trait and alter disease susceptibility is supported by pioneering studies demonstrating that lymphocytic choriomeningitis virus (LCMV) prevents diabetes in mice (15) and has subsequently been reinforced by many epidemiology observations and findings in animal models (16, 17) . Our experiments with MNV build on this understanding of the virome by demonstrating that an enteric virus can function analogously to commensal bacteria that inhabit the gastrointestinal tract. Extending our results with one mouse virus to humans or other animals is premature, and enteric viruses such as noroviruses must continue to be treated as serious pathogens. Still, it is unlikely that MNV is the only virus that can evoke these responses from a host. The effect of MNV was dependent on type I interferon (IFN-I), which is a conserved response to viruses. mine what commensal viruses would look like if they exist in humans. Also, understanding why MNV is beneficial in antibiotictreated mice but deleterious in Atg16l1 mutant mice could yield insight into how balanced immunity is maintained in the intestine in the presence of a diverse microbial flora. Although viruses in human specimens remain difficult to identify and propagate in culture, existing technologies are able to detect sequences corresponding to prokaryotic and eukaryotic viruses in stool harvested from individuals that do not present disease at the time of collection. Our findings, as limited as they are, suggest that referring to the presence of these viruses as "asymptomatic infections" is much like ignoring commensal bacteria because they are found in healthy individuals. A similar argument can be made regarding other microbial inhabitants of the gastrointestinal tract, which include archaea, fungi, protozoa, and helminth parasites. This potential contribution of the enteric virome to human health is not always acknowledged. For instance, fecal transplants that are effective for treating Clostridium difficile colitis are being applied to other illnesses without much consideration for the presence of viruses. Innovations that facilitate detection of known and unknown enteric viruses, as well as techniques that allow their characterization, are an immediate need.
The MNV model is also revealing novel ways in which a viral infection can interact with other microbes in the intestine. The MNV-induced intestinal pathologies in DSS-treated Atg16l1 mutant mice are prevented by antibiotic treatment (7), which may be related to the observation that MNV replication is partially dependent on the presence of bacteria (8, 9) . Additionally, two complementary studies showed that commensal bacteria suppress an IFN-response that would otherwise prevent persistent MNV infection (18, 19) . Finally, helminth infection impairs immunity to MNV, which is unexpectedly independent of commensal bacteria (20) . Therefore, the enteric virome is perhaps best described as a component of the gut microbiome that interacts with bacteria and other microbial agents.
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